1. The specificity of the effect of glucose on the induction of glucokinase activity that occurs when hepatocytes freshly isolated from 13-day-old rats are incubated in Medium 199 together with insulin [Wakelam & Walker (1980) FEBS Lett. 111, 115-119] was examined. A pattern that is different from other known effects of glucose is found, and metabolism of this compound is not necessary to account for this particular effect. 2. The effects of a raised glucose concentration and of insulin on the induction can be separated. The hexose initiates the process in the absence of insulin in a manner that is sensitive to actinomycin D but not to cycloheximide. The subsequent effect of insulin is dependent on the prior effect of glucose or other positive analogue, does not require the presence of glucose and is inhibited by cycloheximide but not by actinomycin D. 3. Induction of glucokinase in vitro in hepatocytes from neonatal animals is inhibited by adrenaline, glucagon and dibutyryl cyclic AMP, but not by vasopressin or angiotensin II. The inhibition by cyclic AMP is on the stage requiring insulin and is comparatively specific, because total protein synthesis is not apparently diminished. 4. The implications of these results are discussed with reference to possible mechanisms of induction and to the situation in vivo.
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Many lines of evidence (for reviews see Niemeyer et al., 1975; Weinhouse, 1976) from experiments in vivo have indicated that insulin is in some way required for the synthesis of hepatic glucokinase (ATP :D-glucose 6-phosphotransferase, EC 2.7.1.2). Because the substrate glucose is also insulinogenic, it has not been possible to ascertain whether the hexose is also essential. Studies on the development of glucokinase activity in the neonatal rat, which apparently involves synthesis of the enzyme de novo (Wakelam et al., 1979 (Wakelam et al., , 1980 , have served to illustrate the complexities of the in vivo regulation. Other hormones affect enzyme induction. Those, such as glucagon and adrenaline, that act via cyclic AMP inhibit the development of glucokinase activity both in the adult (Ureta et al., 1970; Pilkis, 1970) and in the neonatal (Wakelam et al., 1980) rat. The hepatic cyclic AMP concentration shows an inverse correlation with glucokinase activity (Seitz et al., 1979) .
It would clearly be of advantage to be able to study the induction of glucokinase in a liver preparation isolated from extrahepatic influences. Wakelam & Walker (1980a) reported that freshly prepared hepatocytes from 13-day-old rats (which Vol. 196 contain no glucokinase) can be used to demonstrate comparatively rapid appearance of glucokinase activity in vitro over a period of a few hours. Synthesis of new enzyme protein was inferred on the basis of inhibition of induction by actinomycin D and cycloheximide, electrophoretic evidence and immunotitration. Induction was dependent on the glucose concentration over the range 5.5-20.5 mM and required insulin (Wakelam & Walker, 1980a) .
In the present paper the roles of glucose, insulin and other factors in the induction of glucokinase in these cells are investigated in more detail and discussed. A preliminary account of some of these results has been given (Wakelam & Walker, 1980b) .
Materials and methods Materials and animals
The sources of most materials have been given previously (Wakelam et al., 1979 (Wakelam et al., , 1980 Wakelam & Walker, 1980a Rats were from our departmental colony of specific-pathogen-free Wistar rats. They were maintained as described previously (Wakelam et al., 1979 (Wakelam et al., , 1980 .
Methods
Hepatocytes were isolated from the livers of 13-day-old animals of either sex by preperfusion with Ca2+-free Krebs-Ringer bicarbonate buffer, pH 7.4 (Krebs & Henseleit, 1932) , and then recirculating perfusion (Kirk et al., 1977) , in via the portal vein and out from the inferior vena cava, with the same buffer containing 2.54 mM-Ca2+ ions, 0.025% (w/v) collagenase, 5 mM-glucose and the amino acid mixture described previously (Wakelam & Walker, 1980a) . Two animals were perfused in parallel to provide sufficient cells for the experiments on any one day. The yield and quality of the isolated cells was checked frequently by light-microscopy, exclusion of Trypan Blue and leakage of lactate dehydrogenase activity (Wakelam & Walker, 1980a) . The isolated hepatocytes (1.5 x 108-2 x 108) were washed twice in well-gassed (02/C02, 19: 1) Krebs-Ringer bicarbonate buffer, pH 7.4 (containing Ca2+ ions), and resuspended in the medium to be used in the particular experiment, which was commenced immediately.
Medium 199 (Morgan et al., 1950) , a fully defined Earle's balanced salt solution containing amino acids, lipids, vitamins, nucleic acid derivatives and 5.5 mM-glucose, was supplemented with 0.4 mmornithine, which has been shown (Leffert & Koch, 1978) to the 'standard' 3 ml incubation mixture (see above) and allowing synthesis to proceed for 2h. The cells were then collected, washed and homogenized as before. Protein in a 1 ml sample of the supernatant was precipitated with 10%
(w/v) trichloroacetic acid, and the precipitate was washed five times in 5% (w/v) trichloroacetic acid before dissolution in 0.5 ml of 0.5 M-NaOH. This solution was neutralized, and the radioactivity was determined by liquid-scintillation counting. Incorporation was calculated as described by Seglen (1978) on the basis that Medium 199 contains 120mg of DL-leucine/litre and assuming a fractional leucine content of 760umol per g of liver protein (Schreiber et al., 1971) . 
Specificity ofthe glucose effect
No appearance of glucokinase activity occurs when hepatocytes from 13-day-old rats are incubated with insulin in Medium 199, which contains 5.5 mM-glucose, but induction is seen when the glucose concentration is increased, with a maximum effect at about 20mM-glucose (Wakelam & Walker, 1980a) . The specificity of this effect of increased glucose concentration was explored by adding various analogues at 15 mm and incubating with insulin for 2 h. Table 1 (column a) shows that fructose is as effective as glucose in inducing glucokinase activity. Galactose and mannose have smaller effects. Other analogues are also effective, but 6-deoxy-D-glucose, 3-O-methyl-D-glucose and L-glucose did not induce. At a later stage in the present work (see below) the question arose as to whether the basal 5.5 mM-glucose was necessary for, or influenced the effects of, the other sugars. This does not appear to be so (Table 1 , column b), and it was further established that several of the analogues effective at 20.5 mm had no effect at 5 mm. The form of the concentration-dependent induction of glucokinase activity by the effective glucose analogues was found, in other experiments, to be essentially similar to that previously found for glucose (Wakelam & Walker, 1980a) . The sugar alcohol D-mannitol and the readily utilizable gluconeogenic precursors lactate/pyruvate and dihydroxyacetone did not induce.
The role of mannoheptulose, which had been previously used in vivo (Wakelam et al., 1980) as an inhibitor of insulin secretion and hence of glucokinase induction, was explored; it was found, not only to be a weak inducer (Table 1 , column a), but also to inhibit the effectiveness of 20.5 mM-glucose in a concentration-dependent manner, such that 10mM-mannoheptulose inhibited induction by about 90%.
Separation ofeffects ofglucose and insulin
The effect of raising the glucose concentration can occur in the absence of insulin because the concentration can be returned to the non-inducing one of 5.5 mm before insulin is added and induction is still observed. This is seen, e.g. in Table 2 , Expt. (a), line 3, and Expt. (c), line 2. The glucose effect must precede that of insulin, because incubation with insulin and then glucose separately is ineffective (Expt. b, line 3). Together the three experiments in Table 2 demonstrate clearly the sequential roles of glucose and insulin; an interval of 1 h between the treatments with glucose and insulin (Expt. c, line 3) does not lower the amount of glucokinase activity at the end of the incubation period.
The initiating effect of a raised glucose concentration is inhibited by the presence of actinomycin D but not by cycloheximide, whereas the subsequent effect of insulin is inhibited by cycloheximide but not by actinomycin D (Table 3 Table 6 ), but adrenaline and glucagon are inhibitory (Expts. b and c). This inhibition is mimicked by dibutyryl cyclic AMP (Expt. c). The results in Table 7 indicate that the effect of glucagon and cyclic AMP is not on the first phase initiated by the raised glucose concentration, but is on the subsequent insulin phase. This inhibition by cyclic AMP is not, however, a generalized effect on protein synthesis, because the incorporation of [3Hlleucine into total cytosolic protein is not lowered under conditions in which Table 4 . Effect oftime on the roles ofglucose and insulin in glucokinase induction Hepatocytes from 13-day-old rats were incubated in Medium 199 containing the basal 5.5 mM-glucose to which was added either more glucose to a final concentration of 20.5 mM or insulin for the time periods stated. Other details are as given in the legend to Table 5 . Lack ofa requirementfor added glucose during the action ofinsulin in glucokinase induction Hepatocytes prepared from 13-day-old rats were incubated in glucose-free Medium 199 as indicated; thus, although sometimes glucose was added as part of the protocol (final concn. 20.5 mM), exogenous glucose was absent during the action of insulin, except for the control results in line 1 of each experiment and in line 3 of experiment (a). When present, the 2-deoxyglucose concentration was 20.5 mM. Results Vol. 196 glucokinase induction is prevented. Cycloheximide, however, inhibited both the induction of glucokinase activity and the synthesis of total cytosolic protein (results not shown).
Discussion
The system studied in vitro that permits induction of glucokinase in hepatocytes isolated from neonatal rats in response to glucose plus insulin (Wakelam & Walker, 1980a ) has been found suitable for further exploration of the phenomenon. We have previously presented substantial evidence that this appearance of glucokinase activity is due to synthesis de novo (Wakelam & Walker, 1980a (a) such as those previously reported (Wakelam et al, 1979 (Wakelam et al, , 1980 . This specificity of the glucose effect (Table 1) is different from that of known mammalian hexokinases (Crane, 1962; Walker, 1966; Colowick, 1973) or of hepatic glucokinase itself (Parry & Walker, 1966) . The relative Vmax and Km values also do not match, and, in any case, metabolism of the effectors does not appear to be necessary. The specificity of the carrier-mediated diffusion of monosaccharides across the plasma membrane of hepatocytes (Baur & Heldt, 1977) is also different (Craik & Elliott, 1979) . Whitton & Hems (1977) proposed the existence in liver of a hexose receptor concerned in the regulation of glycogen synthesis in addition to the better-documented effect of glucose on phosphorylase phosphatase (Stalmans et al., 1974) . The specificities of both of these hepatic glucose effects are again different.
The presence in the hepatocytes from 13-day-old rats of a distinct glucose receptor for glucokinase induction is therefore postulated. This would be different from that concerned, as an example, with the recognition of glucose as a signal for insulin biosynthesis and release by the B-cells of the islets of Langerhans of the pancreas (Ashcroft, 1980) . In that cell type the glucose almost certainly has to be metabolized, and certain gluconeogenic substrates such as dihydroxyacetone elicit insulin release. A hydroxy group on the C-2 position is also important for insulin release in the B-cell (Weaver et al., 1979) .
Our results permit no further comments on the location of the hypothetical receptor. The glucoseconcentration-dependence suggests that its interaction with glucose must be complex.
Irrespective of the nature of the glucose receptor, the separation of the roles of glucose and insulin has been demonstrated (Tables 2-5 ). The effect of glucose and certain analogues looks remarkably like a case of substrate induction of enzyme synthesis, but this remains to be proved. One of the major interests aroused about glucokinase after its discovery in the early 1960's (for review see Weinhouse, 1976 ) was the apparent involvement of insulin in its synthesis. No evidence for the presence of preformed inactive glucokinase in the untreated neonatal rat has been found. Because the primary effect of a raised glucose concentration in our system is sensitive to actinomycin D and the subsequent effect of insulin is sensitive to cycloheximide, but not vice versa (Table 4) , our observations support the previous indirect evidence (Wakelam & Walker, 1980a,b) , but do not prove, that synthesis of enzyme protein is involved in the process. The possibility arises that the two phases represent the formation and subsequent translation into protein of specific mRNA for glucokinase. It would need the quantification of translatable mRNA Vol. 196 by using a cell-free protein-synthesizing system coupled with incorporation of radioactive amino acids into immunoprecipitable glucokinase in order for such a hypothesis to be proved. An effect of insulin on protein degradation cannot be excluded by our results, but insulin has been shown to stimulate what has been interpreted as a translational stage in the synthesis of both lactate dehydrogenase (Suleiman & Vestling, 1979) and tyrosine aminotransferase (Kletzien et al., 1976) in cultures of adult rat hepatocytes.
The inhibition of the overall synthesis of glucokinase in hepatocytes from 13-day-old rats by the same hormones (Table 6 ) that also prevent precocious induction by glucose administration in vivo at that age (Wakelam et al., 1980) suggests that the hepatocyte system is suitable for the further exploration of the inhibitory effect of cyclic AMP, the likely mediator of those hormonal effects in vivo and that is itself also inhibitory in vitro (Table 6 ). The addition of dibutyryl cyclic AMP does not significantly alter the effect of glucose on the system studied in vitro, but clearly inhibits the subsequent effect of insulin (Table 7, Expt. b) . This inhibitory effect of cyclic AMP must nevertheless be fairly specific; the mechanism remains to be established, but is not the general inhibition of hepatic protein synthesis by cyclic AMP first seen about 10-12 days after birth and that apparently increases over the next 10 days (Klaipongpan et al., 1977; Bloxham & Klaipongpan, 1979) . Katz et al. (1979) , Schudt (1979) and Spence & Pitot (1979) have independently described systems of adult hepatocytes studied in vitro in primary culture in which increases of glucokinase activity occurred in response to incubation for 2-3 days in the presence of insulin and other factors. Similar results were obtained with cultured hepatocytes from 14-day-old rats (Nakamura et al., 1979 ). An essential or enhancing role of glucocorticoids in this apparent synthesis was described in all those reports. The systems used were different from ours, and we have not yet explored possible glucocorticoid effects on our system. If the induction of glucokinase activity by a raised glucose concentration demonstrated in vitro is a mechanism that operates around the commencement of weaning to initiate the appearance of glucokinase activity in vivo, then the question arises as to how such a raised glucose concentration could arise. The change of diet during weaning on to a high-carbohydrate solid chow is gradual, and glucokinase activity appears even if the rat is weaned on to a carbohydrate-free diet (Walker & Holland, 1965) or weaning is prevented (Walker et al., 1974) . In spite of the evidence discussed above of the need for a glucose receptor to explain the observations made in vitro, the existence of other inducing factors that operate around the 16th postnatal day must be contemplated. Perhaps glucose is one of several agents that together, maybe synergistically, regulate initiation of glucokinase induction.
